Background: Postoperative delirium is a common complication associated with increased morbidity and mortality. A recently-reported association between intraoperative electroencephalogram suppression and postoperative delirium might be mediated in some patients by a heightened sensitivity to volatile anaesthetics. Methods: This retrospective cohort study included 618 elective surgery patients with planned intensive care unit admission, who also received intraoperative electroencephalogram monitoring and had delirium assessments documented in the medical record. Sensitivity to volatile anaesthetics was assessed using a mixed effects model predicting the likelihood of electroencephalogram suppression at each time point based on the current end-tidal anaesthetic concentration. Patients with a random intercept above the population median (electroencephalogram suppression at lower anaesthetic concentrations) were classified as having heightened sensitivity to volatile anaesthetics. Delirium was defined as a positive Confusion Assessment Method for the Intensive Care Unit assessment anytime in the first five postoperative days. Results: Postoperative delirium was observed in 162 of 618 patients (26%). Patients who experienced electroencephalogram suppression at lower volatile anaesthetic concentrations had a higher incidence of postoperative delirium [109/309 (35%)] than other patients [53/309 (17%)] [unadjusted odds ratio 2.63; 95% confidence interval (CI), 1.81e3.84, P<0.001]. This association remained significant after adjusting for patient characteristics, surgical variables, and duration of electroencephalogram suppression (adjusted odds ratio 2.13; 95% CI 1.24e3.65, P¼0.006). Conclusions: These data support the hypothesis that patients with electroencephalogram suppression at lower volatile anaesthetic concentrations have an increased incidence of postoperative delirium. Such patients appear to exhibit a phenotype of anaesthetic sensitivity, which might predispose them to adverse cognitive outcomes.
Editor's key points
An association of postoperative delirium with heightened sensitivity to volatile anaesthetics was tested in a single centre retrospective analysis of 618 noncardiac surgery patients. Patients with electroencephalogram suppression at lower anaesthetic concentrations had a higher incidence of postoperative delirium. Greater sensitivity to volatile anaesthetics might predispose patients to postoperative delirium.
Postoperative delirium is a common surgical complication that is associated with increased morbidity, mortality, and other undesired outcomes after surgery. Delirium is characterized by a disturbance in attention and awareness that develops over a short period of time, represents a change from baseline, tends to fluctuate in severity, and is associated with an additional disturbance of cognition. 1 Patients who experience postoperative delirium often require longer stays in the intensive care unit and in the hospital. 2 After discharge, these patients have higher rates of mortality, although the evidence is insufficient to determine whether this relationship is causal. 3 These patients also incur greater healthcare costs in the year following surgery and report decreased ability to complete activities of daily living 30 days after surgery. 4, 5 The pathophysiology of delirium is complex and obscure, and the aetiology is typically multifactorial, with patient vulnerability (e.g. older age), physiological perturbation (e.g. inflammation), and specific precipitants (e.g. anaesthetic agents) all likely to contribute.
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Recent studies have identified an association between electroencephalogram suppression during general anaesthesia and postoperative delirium. In addition, two randomized trials comparing bispectral index-guided anaesthesia to routine anaesthesia care have found that patients in the bispectral-index guided groups had a lower incidence of postoperative delirium. 9, 10 In these and other trials, time spent with a bispectral index below a certain threshold value was an independent predictor of postoperative delirium. 9e11 Low bispectral index values can be driven by the presence of electroencephalogram suppression, an electroencephalogram feature characterized by periods of electroencephalogram suppression alternating with bursts of high-amplitude activity. 12 Two recent observational studies, including one conducted by our group, have identified an association between longer duration of intraoperative electroencephalogram suppression and postoperative delirium. 5, 13 However, it is unclear whether the observed associations indicate that increased exposure to anaesthetic agents cause delirium or if underlying patient characteristics increase the risk both for electroencephalogram suppression and for postoperative delirium. Interestingly, some studies have also reported lowerdnot higherdaverage end-tidal concentration of volatile anaesthetic agent as a risk factor for postoperative delirium. 5 This manuscript presents a secondary post hoc analysis from the aforementioned study.
Patient population
The patient population included 618 patients age 18 or older who underwent general anaesthesia for surgery at BarnesJewish Hospital (St. Louis, MO, USA) with planned intensive care unit admission between November 2012 and November 2013. Patients were included if they received intraoperative electroencephalogram monitoring and had at least one delirium assessment documented in the electronic medical record during the first five postoperative days. Patients undergoing neurologic surgery were excluded.
Data collection
The electroencephalogram was monitored continuously during surgery using a BIS Quatro sensor (Covidien, Dublin, Ireland) which employs a single frontal electroencephalogram channel (FP1 to F7). This monitor calculates the suppression ratio (SR), which describes the percentage of the preceding 63 s for which the electroencephalogram amplitude was less than 5 mV. The SR was captured at a rate of once per minute using MetaVision software (iMDSoft, Needham, MA, USA). Data points with a signal quality index <50% were excluded. The end-tidal anaesthetic concentration (ETAC) and bispectral index values were also captured once per minute using MetaVision software. Postoperative delirium was measured using the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). 15 In our institution, nurses in the surgical intensive care units routinely perform CAM-ICU assessments on all patients every 12 h unless the patient is sedated to a Richmond AgitationSedation Scale score of À4 or À5. Delirium assessments were not conducted on the hospital ward after patients were discharged from the intensive care unit. A patient was defined as experiencing postoperative delirium if one or more positive CAM-ICU assessments were documented in the electronic medical record between postoperative Day 1 and postoperative Day 5.
Definition of sensitivity to volatile anaesthetic agents
Patients who experienced electroencephalogram suppression at relatively lower concentrations of volatile anaesthetics were considered to have heightened sensitivity to volatile anaesthetics. A mixed effects logistic regression model was used to characterize the relationship between volatile anaesthetic concentration and electroencephalogram suppression. This analysis used PROC NLMIXED in SAS v9.3. As shown in the equation below, the model predicted the log-odds of developing electroencephalogram suppression (defined as SR>0) in a given patient (i) at a given time (t) based on the current ETAC. To eliminate time points where the clinician had recently changed the anaesthetic concentration but the electroencephalogram had not yet had time to reflect the change, data points were excluded if the ETAC had changed by more than 0.1 times minimum alveolar concentration (MAC) in the preceding 10 min. A random intercept (u 0i ) varying at the patient level was included. The model adjusted for propofol dose in the previous 5 min (mg kg À1 ), total midazolam dose (mg), total intraoperative opioid dose (morphine equivalents) and nitrous oxide use:
The value of the random intercept for each patient was determined. Patients with an intercept above the median value for the population were defined as having heightened sensitivity to volatile anaesthetic agents. These patients have an elevated chance of developing electroencephalogram suppression when exposed to a given concentration of volatile anaesthetic.
For comparison, another definition of sensitivity to volatile anaesthetics was constructed based on the bispectral index rather than electroencephalogram suppression. A mixed effects linear regression model was used to characterize the relationship between volatile anaesthetic concentration and bispectral index value. As shown in the equation below, the model predicted the value of the bispectral index (BIS) in a given patient (i) at a given time (t) based on the current ETAC, adjusting for propofol dose in the previous 5 min (mg kg À1 ), total intraoperative opioid dose (in morphine equivalents), nitrous oxide use, midazolam use, and ketamine use. A random intercept (u 0i ) and a random slope (u 1i ) varying at the patient level were included:
The value of the random intercept for each patient was determined. Patients with an intercept below the median value for the population were defined as having heightened sensitivity to volatile anaesthetic agents. These patients have an elevated chance of exhibiting a reduced bispectral index value when exposed to a given concentration of volatile anaesthetic.
Statistical analysis
All analyses were conducted using SAS v9.3. The characteristics of the cohort were described using frequency and percentage for categorical variables, mean and standard deviation for normally distributed continuous variables, and median and interquartile range for non-normally distributed continuous variables. A c 2 test was used to assess the unadjusted association between sensitivity to volatile anaesthetics (heightened chance of electroencephalogram suppression) and postoperative delirium. Then multiple logistic regression was used to assess the association between sensitivity to volatile anaesthetics and postoperative delirium, adjusting for age, sex, ASA physical status, diabetes mellitus, known or probable obstructive sleep apnoea (patient report, positive sleep study, STOP-BANG score !5, or STOP-BANG score !3 plus serum bicarbonate !28 mmol L À1 ), sensory impairment (patient report of either hearing impairment or visual impairment during preoperative evaluation review of systems), smoking history (ever smoked vs never smoked), home benzodiazepine or opioid use, cardiac surgery (vs non-cardiac surgery), length of surgery, intraoperative opioid dose (in morphine equivalents), mean ETAC, units of packed red blood cells transfused intraoperatively, and duration of intraoperative electroencephalogram suppression. The interaction between duration of intraoperative electroencephalogram suppression and sensitivity to volatile anaesthetics was also included. The primary analysis includes complete cases only. As a secondary analysis, missing values for obstructive sleep apnoea (n¼66) and sensory impairment (n¼83) were imputed using multiple imputation. An additional secondary analysis was conducted in which the population was limited to those who received two or more postoperative CAM-ICU assessments. For comparison, these analyses were repeated using heightened chance of reduced bispectral index value to define sensitivity to volatile anaesthetic agents. To identify predictors of sensitivity to volatile anaesthetic agents, another multiple logistic regression was constructed with sensitivity to volatile anaesthetic agents (heightened chance of electroencephalogram suppression) as the dependent variable. Predictors tested included age, sex, ASA physical status, mood disorder, dementia, coronary artery disease, congestive heart failure, chronic obstructive pulmonary disease, diabetes mellitus, cancer, obstructive sleep apnoea, sensory impairment, alcohol use, smoking status (ever smoked vs never smoked), home benzodiazepine use, and home opioid use.
Power analysis
Power analysis was performed using G*Power (HeinrichHeine-Universit€ at Dü sseldorf, Dü sseldorf, Germany). The population size was prespecified at 618 patients, and the overall incidence of postoperative delirium was known to be 26%. Because volatile anaesthetic sensitivity was defined using the population median,~50% of the population (309 patients) were expected to be classified as having heightened sensitivity. Setting a¼0.05 and b¼0.20, this study will have adequate power to detect a 10% difference in the incidence of logitðSR > 0Þ i;t ¼ 1
postoperative delirium between the two groups (i.e. if the incidence is 31% in the cohort with heightened sensitivity to volatile anaesthetics and 21% in the other cohort).
Results
The study population included 618 patients, as shown in Table 1 . Most patients underwent cardiac surgery. The mean age was 62 yr, and two-thirds of patients were male. Using the mixed effects logistic regression model, 309 patients (50%) were classified as having heightened sensitivity to volatile anaesthetics (elevated chance of electroencephalogram suppression). Patients with heightened sensitivity had a longer cumulative duration of electroencephalogram suppression (median 14 min) compared to other patients (median 0.3 min).
The overall incidence of postoperative delirium was 26% (162 out of 618 patients). The incidence of postoperative delirium was significantly higher among patients with heightened sensitivity to volatile anaesthetics using the electroencephalogram suppression definition (109 out of 309 patients, 35%) compared to other patients (53 out of 309 patients, 
In a secondary analysis limiting the population to patients with two or more CAM-ICU assessments in the electronic medical record, the results were again qualitatively unchanged. Patients who experienced heightened sensitivity to volatile anaesthetics were more likely to have two or more CAM-ICU assessments documented (239 out of 309 patients, 77%) compared to other patients (179 out of 309 patients, 58%). Using the alternative definition of sensitivity to volatile anaesthetics (elevated chance of reduced bispectral index values), the incidence of postoperative delirium was not significantly higher among patients with heightened sensitivity to volatile anaesthetics (87 out of 309 patients, 28%) compared to other patients (75 out of 309 patients, 24%): c 2 (1)¼ 1.20, P¼0.27. The multiple logistic regression for postoperative delirium included 518 patients. After adjusting for the risk factors shown in Table 3 , patients with heightened sensitivity to volatile anaesthetics had 1.65 (95% CI 0.97e2.82) times higher odds of developing postoperative delirium compared to other patients (Table 3) . Neither duration of electroencephalogram suppression nor the interaction between heightened sensitivity to volatile anaesthetics and electroencephalogram suppression was associated with postoperative delirium.
The logistic regression identifying risk factors for heightened sensitivity to volatile anaesthetics (elevated chance of electroencephalogram suppression) are shown in Table 4 . Patients with a current or former history of smoking had 1.45 (95% CI 1.02e2.06) times greater odds of having heightened sensitivity to volatile anaesthetics compared to those who had never smoked. This model had a fair calibration (c-statistic of 0.62) and poor discrimination (Hosmer-Lemeshow test c 
Discussion
In this retrospective cohort study, we found that patients who exhibited heightened sensitivity to volatile anaesthetic agents (defined as patients whose electroencephalogram showed suppression at relatively lower end-tidal concentrations of volatile anaesthetics) had a higher incidence of postoperative delirium in the intensive care unit compared to other patients. Patients with a history of smoking were more likely to demonstrate heightened sensitivity to volatile anaesthetic agents.
A prime motivation for the present study was to investigate whether the previously reported association between intraoperative electroencephalogram suppression and postoperative delirium could be explained by an underlying phenotype predisposing patients to both outcomes. The results of this study suggest that such a phenotype might exist. Nonetheless, this observational study cannot rule out the possibility that that the patients with heightened sensitivity to volatile anaesthetic agents experienced a higher incidence of postoperative delirium because of their increased duration of electroencephalogram suppression (Table 1) . However, the lack of association between duration of electroencephalogram suppression and postoperative delirium when sensitivity to volatile anaesthetic agents is included in the model makes this possibility less likely ( Table 2) .
The concept of sensitivity to the effects of volatile anaesthetic agents has previously been investigated using the 'triple low' concept. As described by Sessler and colleagues, 6 triple low consists of simultaneous mean arterial pressure <75 mm Hg, bispectral index <45, and ETAC <0.8 MAC. In a noncardiac surgery population, patients who spent 31e45 min or >60 min in the triple low state had increased 30-day mortality. 16 After adjusting for confounding variables, duration of triple low was found to be a predictor of 30-day mortality in one follow-up study but not in a second study, 17, 18 and prolonged during of low bispectral index and low mean arterial pressure were associated with increased 30-day mortality in 8239 cardiac surgery patients. 19 Duration of triple low has not previously been associated with postoperative delirium. 14 Because triple low incorporates bispectral index, we examined an alternative definition of sensitivity to volatile anaesthetics based on bispectral index rather than electroencephalogram suppression. Heightened sensitivity to volatile anaesthetic agents using this alternative definition was not associated with postoperative delirium.
We believe the results of this study have implications for the ongoing discussion of the impact of surgery and anaesthesia on postoperative cognitive function. Some patients demonstrate impairments in cognitive function during the months and years following surgery and anaesthesia, but current evidence is insufficient to demonstrate whether perioperative events cause the observed decline. 20 In fact, among twin pairs where one sibling had exposure to surgery and the other did not, the surgery-exposed twin was no more likely to have a reduced cognitive score than the unexposed twin. 21 Our work supports the theory that a patient's underlying phenotype plays a large role in determining the risk for postoperative delirium. Surgery and anaesthesia exposure might be unmasking patients who, as revealed by heightened sensitivity, are predisposed to disorders of cognition. Our work does not provide sufficient data to comment whether there is also a concomitant direct injury caused by surgery or anaesthesia.
Of note, we found that patients with a history of smoking were more likely to exhibit increased sensitivity to volatile anaesthetic agents (Table 3 ). This raises the question whether microvascular disease is the mechanism underlying this phenotype. History of smoking has previously been identified as a risk factor for postoperative delirium among patients undergoing noncardiac surgery. 22 A subsequent review found that there was insufficient evidence to support 23 In our study, this risk factor was identified via a logistic regression containing a large number of candidate variables, so these should be regarded as hypothesisgenerating findings that need to be validated in an independent dataset. This study has limitations that should be noted. Delirium was measured by nurses in the setting of routine clinical care. Although the nurses were trained in administration of the CAM-ICU, delirium assessment in the context of routine clinical care is known to have an increased false negative rate compared to dedicated assessments conducted for research purposes. 24 Because this was a retrospective analysis, delirium assessments by research personnel were not available. However, nurses did not have access to patients' intraoperative electroencephalogram tracings, so any reduction in accuracy likely impacted both groups equally. Delirium assessments were conducted at discrete time points, which can result in some cases being missed due to the fluctuating nature of delirium. Furthermore, delirium that developed on the hospital wards was not detected as assessments were conducted in the intensive care units only. Preoperative cognitive function was not included in models for postoperative delirium, because such data were not available in the electronic medical record. Because this was a retrospective study, we were unable to include variables that are not routinely assessed in the preoperative setting. However, preoperative cognitive function is an important factor that should be included in future prospective studies. Electroencephalogram suppression was detected using SR analysis, rather than physician analysis of the raw electroencephalogram waveform. This methodology has recently been shown to underestimate the duration of suppression compared to visual analysis of the electroencephalogram. 25 However, this limitation would impact all the patients uniformly and should not change the outcomes of the study. This was a single-centre study, so the results may not be generalizable to other settings. However, the patient population at our facility is likely similar to those at other tertiary care hospitals.
In conclusion, we have reported that patients who experience electroencephalogram suppression at relatively low concentrations of volatile anaesthetic agents have an increased incidence of postoperative delirium occurring in the intensive care unit. This phenotype appears to be a stronger predictor of postoperative delirium than duration of intraoperative electroencephalogram suppression. These data suggest that some patients may have a detectable predisposition to postoperative delirium, which is revealed during volatile-based general anaesthesia. Additional work is necessary to further characterize this phenotype and to investigate whether interventions can decrease the incidence of postoperative delirium in patients who display this vulnerability.
